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The present study is aimed at using one of the most promising methods called reactive extraction to extract succinic acid from
aqueous solution by using N,N-dioctyloctan-1-amine in biodiesel as diluent made from sunflower oil, rice bran oil, sesame oil, and
karanji oil. The results of extraction studies with the diluents (physical) showed their inability to recover any acid by themselves. In
reactive extraction, the organic phase extracting power solely depends on tri-n-octylamine. The ranges of the distribution
coefficient are found as 7.62-18.12 for sunflower oil biodiesel, 8.33-17.45 for rice bran oil biodiesel, 7.0-17.67 for sesame oil
biodiesel, and 9.85-21.36 for karanji oil biodiesel. The ranges of the loading ratio are 0.1-3.0 for sunflower oil biodiesel, 0.1-2.9 for
rice bran oil biodiesel, 0.2-2.9 for sesame oil biodiesel, and 0.1-2.9 for karanji oil biodiesel. The karanji and sunflower oil showed
higher values of distribution coefficient (Kp) over rice bran oil and sesame oil which might be due to presence of both C20 and
special fatty acids. The results show that biogenous diluents along with N,N-dioctyloctan-1-amine as extractant form a nontoxic

and viable option for the extraction of succinic acid in the binary phase system.

1. Introduction

These days, microorganisms are drawing considerable at-
tention for the production of organic acids like succinic acid
not only from the point of view of sustainability but also from
the fact that production of these acids can become com-
mercially competitive with production methods using pe-
troleum feedstock. At present, the productivity is low due to
product inhibition in the fermentation broth. The costly and
complicated separation process is the severe hindrance in the
commercialisation of succinic acid production from cheap
biomass. There is a need to maintain optimum concentration
in the final product to avoid product inhibition by in situ
extraction to commercialise the production of succinic acid.
Several types of separation approaches such as adsorption,
distillation, crystallisation, and membrane processes have
been investigated, modelled, and described [1]. In situ

extraction of these acids by reactive extraction seems to be a
viable option as it can remove the problem of product in-
hibition. However, the extractants used are toxic to micro-
organisms, so it is essential to dilute them in the nontoxic
diluent for in situ recovery of acids [2]. Presently, succinic
acid is produced by using butane via maleic anhydride route
in industries. Succinic acid can also be produced from
abundant biomass fermentation to produce biodegradable
plastics and coatings [3]. It is used as a chemical intermediate,
in medicine, in the manufacture of lacquers, and to make
perfume esters. It is also used in edible substances as a
sequestrant, buffer, and a neutralising agent [4]. The solubility
of succinic acid is low in organic solvents, so its extraction
needs amines or organophosphorus compounds as an
extractant for higher extraction efficiencies [5, 6]. The removal
of succinic acid using a hydrophobic organic phase consisting
of tertiary amines dissolved in organic solvents has been
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under investigation by several researchers [7-13]. Recently,
the extraction of carboxylic acids with ionic liquids and
pressurized carbon dioxide is also gaining considerable im-
portance due to nontoxicity and ease of operation [14-25].

Reactive extraction can be made industrially viable with
traditional extractants such as amines and phosphorous
compounds only when they are blended with cheap and
nontoxic vegetable oils. Many researchers have recently
explored this new possibility [26-35]. Recently, biodiesel as
extracting solvents was successfully employed to remove
aromatic compounds from wastewater and as biodiesels of
vegetable oils have very high flash points so acids can be
separated with distillation [36]. The present work examined
the uptake capacity of biodiesel along with N,N-
dioctyloctan-1-amine as an extractant for the distribution of
succinic acid between binary phase systems.

2. Materials and Experimental Method

2.1. Chemicals. Succinic acid and N,N-dioctyloctan-1-amine
also known as the tri-n-octylamine (TOA) were obtained
from Sisco Research Laboratories Pvt. Ltd., Mumbai. These
chemicals were used without further purification. The bio-
diesels of sunflower oil, rice bran oil, sesame oil, and karanji
oil were purchased from the local vendor of Bhopal, and
their properties are shown in Table 1. Phenolphthalein
solution was used as an indicator, and 0.1 N oxalic acid
solution was used for standardization of NaOH every time.
NaOH was used to determine the aqueous phase acid
concentration after phase separation.

2.2. Experimental Setup Used and Procedure. A stock solu-
tion of 1 mol/L succinic acid in deionised water was prepared
by dissolving 118.09 g of succinic acid (diprotic acid) in a
standard measuring flask and its concentration was calcu-
lated by titration with 0.1 N NaOH solution (although the
succinic can be treated as primary standard). The concen-
tration of succinic acid in batch and in anaerobic fermen-
tation was close to 55g/L [1, 7, 8], so 1 M solution was used
as stock solution and desired dilute concentrations were
prepared by diluting the stock solution with deionised water.
The concentration of N,N-dioctyloctan-1-amine in the dil-
uent biodiesel was varied from 10 to 30% by volume. An
equal volume of the aqueous and organic phase, i.e., 10 mL,
was taken in a 100 mL conical flask and shaken in an orbital
incubator (Metrex Scientific Instruments Pvt. Ltd., Delhi) at
298 + 1 K for 12 hours to attain equilibrium. After achieving
equilibrium, both phases were separated by centrifuging the
mixed phase at 6000 RPM for 10 minutes in a centrifuge
(REMI R-24, Mumbai). Samples of the aqueous phase were
analysed for succinic acid by titration against standardized
NaOH, and the acid concentration in organic phase was
determined through mass balance. The reproducibility of the
data was also checked and found to be within +3%.

3. Theory of Reactive Extraction

3.1. Extraction Equilibrium. The weak carboxylic acids
generally do not dissociate in aqueous solution when the pH
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of the aqueous solution is smaller than the pK, of the acid
[2]. The following equation describes the strong reaction of
carboxylic acid with TOA extractant resulting in the for-
mation of acid-amine aggregates:

KE
<—>[(HA)- (TOA), ] (1)

org

[HA]aq +p [TOA]Org

By applying the law of mass action, the extraction
equilibrium constant (Kg) reflects the interaction between
the extractant and the extracted species according to the
following equation:

) [(HA)- (TOA)p]org .
£ [HA],[TOAP

org

where [HA],q and [HA],,, represent the concentration of
succinic acid in the aqueous and organic phase, respectively,
[TOA],g subjected to tri-n-octylamine concentration in an
organic phase, and [(HA)-(TOA)p]o represents the
complex between succinic acid and extractants in the or-
ganic phase. The equilibrium constant, Kg, depends upon
properties of acid and the solvation (dissolving capacity) of
the diluent used. At pH below pK,, an acid mostly exists in
undissociated form, so the extraction efficiency (%E) can be
calculated in terms of distribution coefficient (Kp) as

Kp % 100

%E = 22—
? (1+Kp)

(3)

3.2. Loading Ratio. The loading ratio (the extent of loading
of the organic phase (extractant+ diluent) with carboxylic
acid) is given below as

[HA]

_ org
7 = FTOAL" (4)

The nature of complexes formed between extractant and
acids can be predicted by values of the loading ratio. The
various types of complexes that can be formed between acid
and extractant are 1:1, 2:1, and 3:1 and depend on the
values of Z. For low values of Z<0.5, a complex of 1:1 is
formed. For higher values of Z>0.5,1:2 and 1:3 TOA-acid
aggregates are formed.

4. Results and Discussion

Studies on the physical extraction of succinic acid showed
the inability of biodiesel as the diluent to extract acid from
the aqueous phase. Therefore, chemical extraction experi-
ments using TOA (10-30% by volume) in all the four
biodiesel diluents were carried out to establish the effect of
extractant on the extraction process. The extraction effi-
ciency (%E), distribution coefficient (Kp), and loading ratio
(2) for all four diluents are tabulated in Tables 2-5. Sig-
nificant improvements in extraction efficiency in all four
biodiesel diluents along with tri-n-octylamine were found.

4.1. Effect of Succinic Acid Concentration on Distribution
Coefficient, Kp. Tables 2-5 show the estimated values of
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TaBLE 1: Properties of biodiesel oils used as diluents.

Properties Sunflower oil biodiesel Rice bran oil biodiesel Sesame oil biodiesel Karanji oil biodiesel
Density (kg/m’) 887.0 885.0 885.0 883.0
Viscosity at 25°C (m?/s) 8.0 3.0 8.0

Flash point (PMCC) (°C) 130 140 140

Acid value (mg KOH/g) 0.5 0.5 0.5

TaBLE 2: Extraction equilibrium results for succinic acid and TOA in sunflower oil biodiesel at 298 K.
TOA (vol.%) [HA], (mol/L) [HA],q (mol/L) [HA]org (mol/L) Kp Kb avg E (%) Eayg (%) z
10 0.1 0.01 0.09 7.62 12.38 79.21 89.75 0.4
10 0.3 0.02 0.28 11.92 92.30 1.2
10 0.5 0.03 0.47 14.13 93.44 2.0
10 0.7 0.04 0.66 15.86 94.08 3.0
20 0.1 0.01 0.09 8.74 13.79 89.80 92.87 0.2
20 0.3 0.02 0.28 13.61 93.17 0.6
20 0.5 0.03 0.47 15.97 94.12 1.0
20 0.7 0.04 0.66 16.82 94.39 1.4
30 0.1 0.00 0.09 11.45 15.49 91.99 93.77 0.1
30 0.3 0.02 0.28 15.00 93.75 0.4
30 0.5 0.03 0.47 17.36 94.55 0.7
30 0.7 0.04 0.66 18.12 94.79 0.9
TaBLE 3: Extraction equilibrium results for succinic acid and TOA in rice bran oil biodiesel at 298 K.
TOA (vol.%) [HA], (mol/L) [HA],q (mol/L) [HA],g (mol/L) Kp Kp,avg E (%) Eqvg (%) Z
10 0.1 0.01 0.09 8.33 12.22 89.35 92.06 0.4
10 0.3 0.03 0.27 10.79 91.53 1.2
10 0.5 0.03 0.47 13.54 93.17 2.0
10 0.7 0.04 0.66 16.23 94.21 2.9
20 0.1 0.00 0.09 9.67 13.79 90.65 92.99 0.2
20 0.3 0.02 0.28 13.00 92.89 0.6
20 0.5 0.03 0.47 15.47 93.95 1.0
20 0.7 0.03 0.66 17.02 94.49 1.5
30 0.1 0.00 0.09 12.19 15.24 92.41 93.72 0.1
30 0.3 0.02 0.28 14.27 93.45 0.5
30 0.5 0.02 0.47 17.07 94.46 0.7
30 0.7 0.03 0.66 17.45 94.57 0.9
TaBLE 4: Extraction equilibrium results for succinic acid and TOA in sesame oil biodiesel at 298 K.

TOA (vol.%) [HA], (mol/L) [HA],q (mol/L) [HA]org (mol/L) Kp Kb avg E (%) Eoyg (%) z
10 0.1 0.01 0.09 7.00 11.51 87.50 91.41 0.4
10 0.3 0.03 0.27 10.39 91.22 1.2
10 0.5 0.04 0.46 13.18 92.95 2.0
10 0.7 0.04 0.66 15.50 93.99 2.9
20 0.1 0.01 0.09 8.33 13.47 89.35 92.69 0.2
20 0.3 0.02 0.28 13.94 93.30 0.6
20 0.5 0.03 0.47 15.00 93.78 1.0
20 0.7 0.04 0.66 16.62 94.34 1.5
30 0.1 0.01 0.09 10.79 15.33 91.53 93.68 0.2
30 0.3 0.02 0.28 15.80 94.08 0.5
30 0.5 0.03 0.47 17.07 94.46 0.7
30 0.7 0.04 0.66 17.67 94.65 0.9

distribution coeflicients for the chemical extraction by
TOA in four diluents for various acid concentrations
0.1-0.7 (mol/L). It was observed that the value of the

distribution coeflicient increases with the increase in the
initial concentration of succinic acid for all diluents which
might be due to the limiting factor of the amount of
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TaBLE 5: Extraction equilibrium results for succinic acid and TOA in karanji oil biodiesel at 298 K.

TOA (vol.%) [HA], (mol/L) [HA],q (mol/L) [HA] g (mol/L) Kp Kpavg E (%) Eqvg (%) VA
10 0.1 0.01 0.09 9.85 10.42 90.78 91.26 0.4
10 0.3 0.03 0.27 10.07 91.00 1.2
10 0.5 0.04 0.46 10.53 91.38 2.0
10 0.7 0.06 0.64 11.23 91.90 2.9
20 0.1 0.01 0.09 12.51 13.88 92.59 93.23 0.2
20 0.3 0.02 0.28 12.72 92.78 0.6
20 0.5 0.03 0.47 13.44 93.13 1.0
20 0.7 0.04 0.67 16.88 94.45 1.4
30 0.1 0.01 0.09 14.10 17.71 93.41 94.56 0.1
30 0.3 0.02 0.29 16.43 94.27 0.4
30 0.5 0.01 0.48 18.96 95.03 0.7
30 0.7 0.03 0.67 21.36 95.54 0.9
succinic acid at a low initial acid concentration in all the
four cases. 071

0.6
4.2. Effect of Tri-n-octylamine Concentration on Distribution
Coefficient, Kp, and Extraction Efficiency, %E. The diluents = 01
were added to decrease the toxicity of extractant, to improve 3 o4l
the physical properties of extractant, and to increase the g
solvation efficiency of the acid-extractant complex. The value & 034
of distribution coefficients depends on the type of diluent and 5
concentration of extractant in the diluent. The effect of TOA 02
on distribution coeflicients is shown in Tables 2-5. The ranges
of Kp g are 12.38-15.49 for sunflower oil biodiesel, 12.22- 0.14
15.24 for rice bran oil biodiesel, 11.51-15.33 sesame oil bio- 00
diesel, and 10.42-17.71 for karanji oil biodiesel. Similarly, ' 0.61 0.62 0.63 O.IO 4 0.'05 0.2)6

average values of extraction efficiency, Eqvg of 89.75-93.77%
for sunflower oil biodiesel, 92.06-93.72% for rice bran oil
biodiesel, 91.41-93.68% for sesame oil biodiesel, and 91.26-
94.56% for karanji oil biodiesel were obtained. It is observed
that the distribution coefficient increases with the increase in
the TOA concentration from 10% to 30% at a fixed con-
centration of succinic acid. The increase is not significant
concerning increase in extractant concentration due to the less
solvation of the complex in all the diluents (nonpolar) or may
be due to the rapid increase in the viscosity of system as shown
in Figures 1-3 due to the addition of more extractant. The
literature review of extraction with natural oils reveals that the
performance of castor oils is better than that of sunflower oil
due to presence of special fatty acids. The presence of higher
percentage special fatty acid in karanji oils is responsible for its
high extraction efficiency when compared with sunflower oil,
rice bran oil, and sesame oil fatty acids [37, 38].

4.3. Effect of Tri-n-octylamine Concentration on Loading
Ratio, Z. Tables 2-5 depict the loading values decrease with
increasing TOA concentration for all concentrations of
succinic acid in all the four diluents. The loading ratio not
only decreases with increasing extractant concentration in
all the four diluents but also the values of loading ratio are
relatively high, i.e., Z<0.5 at low TOA concentration for
high initial acid concentration. The formation of higher
complexes may be due to a lower concentration of TOA.
These results are in agreement with the finding of Marti
[34] for formic acid. Also, Marti [34] compared the results

[HA], (mol/lit)

—s— Sunflower oil —a— Sesame oil

—e— Rice bran oil —¥— Karanji oil

FIGURE 1: Reactive extraction equilibria for succinic acid using 10%
TOA.
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FIGURE 2: Reactive extraction equilibria for succinic acid using 20%
TOA.
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FIGURE 3: Reactive extraction equilibria for succinic acid using 30%
TOA.

of extraction of formic acid using alamine 336 in sunflower
oil with alamine octanol system. The values of loading ratio
(Z) decrease with the increase in alamine concentration,
and at higher initial concentration, often the values of Z are
greater than 0.5, indicating the formation of alamine-acid
aggregates [34].

5. Conclusions

The extraction of succinic acid using TOA along with
biodiesels of sunflower oil, rice bran oil, sesame oil, and
karanji oil biodiesel as a diluent was studied. TOA is viscous
and toxic too (which is preventing its use for in situ re-
covery), so it was blended with biodiesel made from sun-
flower oil, rice bran oil, sesame oil, and karanji oil having low
viscosity and toxicity. The distribution coeflicient, the degree
of extraction, and the loading ratio were determined. The
loading ratios were found to be more than Z > 0.5 in most of
the cases 0.1-3.0 for sunflower oil biodiesel, 0.1-2.9 for rice
bran oil biodiesel, 0.2-2.9 for sesame oil biodiesel, and
0.1-2.9 for karanji oil biodiesel, respectively. Hence, higher
succinic acid-TOA complex formulation was formed in all
the diluents. The ranges of Ky are 7.62-18.12, 8.33-17.45,
7.00-17.67, and 9.85-21.36 for sunflower oil biodiesel, rice
bran oil biodiesel, sesame oil biodiesel, and karanji oil
biodiesel, respectively. The extraction efficiencies are
79.21-94.79% for sunflower oil biodiesel, 89.35-94.57% for
rice bran oil biodiesel, 87.50-94.65% for sesame oil biodiesel,
and 90.78-95.54% for karanji oil biodiesel. All the diluents
provide a better alternative to oxygen-based petroleum
compounds in the extraction of succinic acid, and karanji oil
biodiesel serves best among them.

Data Availability

The experimental data will be shared to verify the results
from the corresponding author upon request.
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